A series of polyphosphazene nano-frameworks with electronwithdrawing capability have been produced and exhibited high activity as non-acidic heterogeneous catalysts for the dehydration of fructose to 5-hydroxymethylfurfural under mild conditions with good stability and recyclability. The unique cyclotriphosphazene unit and electron-withdrawing nature of the polymer backbone are essential for the catalytic performance.
Platform molecules from renewable biomass resources are a promising alternative to those from petrochemical rening processes, which can be upgraded to a broad range of chemical materials. [1] [2] [3] [4] [5] [6] [7] In particular, 5-hydroxymethyl-furfural (HMF), as one of the top building-blocks, can be converted to not only high valued 2,5-disubstituted furan derivatives used for the production of fuels, ne chemicals and polymers, but also other platform molecules such as levulinic acid (LA) and 2,5-diformylfuran (DFF). [8] [9] [10] It has been identied that the production of HMF can undergo a catalytic dehydration of carbohydrates based on C 6 units in acidic media, however the HMF yield is limited by the formation of soluble polymers and insoluble humins, and by water induced HMF rehydration. [11] [12] [13] Although this has been aerwards improved by introducing organic solvents (i.e. dimethyl sulfoxide) to the process, [14] [15] [16] the corrosivity, together with the complex and high energy consumption isolation procedures, remains the most signicant barrier to their industrial applications.
Later, the applications of ionic liquids (ILs) have drawn much attention in the production of bio-derived platform molecules, because efficient conversion with high selectivity can be achieved where ILs act as the catalysts and/or the solvents to avoid the use of acids. 17 For instance, sugars can be selectively dehydrated into HMF by the metal chlorides, such as CrCl 3 and VCl 3 , in ILs with or without using acids. [18] [19] [20] But the use of these compounds will cause extremely serious environmental issues. Although much work have been devoted to replacing them with less or none toxic catalysts, [21] [22] [23] [24] the high cost and the low recyclability of the catalysts in the ILs involved processes are unavoidable challenges in their applications.
From the view of environmentally friendly and cost-effective biomass utilization, heterogeneous catalysts should be more desired due to their exible acidity, inexpensive production and facile recovery. Accordingly, H-form zeolites, 25, 26 as well as other solid acidic catalysts including acidic ion-exchange resin, [27] [28] [29] [30] [31] acid-functionalized silica, TiO 2 and ZrO 2 , 32-34 supported heteropolyacid 35 and solid metal phosphate, 36 have been extensively investigated and shown some competitive activity and reusability in conversion of sugars into HMF and other chemicals. On the other hand, the recently developed continuous reaction processes have greatly improved the application of heterogeneous catalysts. 7, 37 However, the efficiency is relatively low even under a high temperature. Therefore, to realize a feasible chemical engineering process for biomass conversion, a high activity and environmentally friendly catalyst system with low cost and convenient applicability is under tremendous demand at present.
The structure variety and functionalization exibility of polymers extend the portfolio of catalysts for biomass transformation to chemicals and biofuels. More recently, functionalized polymer materials have been successfully applied in platform molecules production from biomass, whose catalytic performance are not only effected by the active sites but also the character of the structure. 30, 38 In our previous work, triazaheterocyclic compounds, such as hexachlorocyclotriphosphazene (HCCP), are found as efficient homogeneous catalysts for dehydration of fructose to HMF under mild conditions, whose activity might be effected by the electronic effect of the substituents. 39 Herein, based on the nature of HCCP in synthesizing stable and degradable polymers, 40, 41 we have successfully designed and synthesized a series of novel polyphosphazene nanoparticles (PZS-NPs), with different co-monomers including 4,4 0 -sulfonyldiphenol (BPS), 4,4 0 -(hexauoroisopropylidene)diphenol (BPAF) and 4,4 0 -diaminodiphenyl ether (ODA), as heterogeneous catalysts for the dehydration reaction, which are reliable for recycling and allow the conversion of sugar under mild conditions. To be emphasized, PZS-NPs can activate fructose for its highly efficient dehydration, and exhibit a performance superior to HCCP, which can be contributed to the improvement by the electron-withdrawing nature of the polymeric framework.
In this work, poly(cyclotriphosphazene-co-4,4 0 -sulfonyldipheol) nanoparticles (denoted as PZS-3.5), was synthesized by a precipitation polymerization of BPS and HCCP (BPS : HCCP ¼ 3.5 : 1) in the presence of triethyl-amine (TEA) in acetonitrile at room temperature (Scheme 1). By taking the electronic effect of substituents into account, two different co-monomers, BPAF and ODA, were adopted instead of BPS. And two other polymer nano-frameworks, poly(cyclotriphosphazene-co-(4,4 0 -(hexa-uoroisopropylidene)diphenol)) nanoparticles (denoted as PZAF-3.5) and poly(cyclotriphosphazene-co-(4,4 0 -diaminodiphenyl ether)) nanoparticles (denoted as PZODA-3.5), were successfully produced with the same route. From Field Emission Scanning Electron Microscope (FE-SEM) images ( Fig. 1a-c) , three polymeric frameworks showed a uniform spherical morphology, and had a narrow size distribution of approximately 700 nm, 1700 nm and 350 nm for PZS-3.5, PZAF-3.5 and PZODA-3.5, respectively. Energy dispersive X-ray spectroscopy (EDX) and FTIR spectra revealed the abundant P, Cl, S (or F, N) elements and the characteristic absorption bands of polyphosphazene, conrming the compositions derived from the used monomers ( Fig. S1 and S2 †). In addition, thermogravimetric analysis (TGA) veried the thermal stability of PZS-NPs with a high decomposition temperature in nitrogen over 400 C, in a sharp contrast to the monomer of HCCP and the co-monomers ( Fig. 1d and S3 †). Also, by tuning the feeding ratios of BPS and HCCP, we successfully synthesized a series of PZS nanoparticles with different compositions, which denoted as PZS-X (X indicates the molar ratio of BPS to HCCP). As one can observe, all the samples showed a well-dispersed particle size, which however gradually increased as the increasing concentration of BPS ( Fig. S4 †) .
Dehydration reactions were rstly carried out over PZS-3.5 in a 3 wt% fructose-DMSO solution at 90 C for 0.5 h. Evidently, PZS-3.5 exhibited outstanding catalytic performance in conversion of fructose to HMF, with a 95.4% yield of HMF (Table 1 , entry 1). Moreover, this catalyst could possess high efficiency under lower temperature, and a 92.3% of HMF yield was achieved by PZS-3.5 even at 50 C aer 10 h (Fig. S5 †) . In addition, when the feeding molar ratios were varied from 2 : 1 to 7 : 1, the catalytic activity of PZS-NPs was reduced correspondingly (entry 1-4). And an even better HMF yield of 97.2% Scheme 1 Schematic illustration of (a) proposed preparation of PZS-NPs and (b) their applications in the catalyzed conversion of fructose to HMF. was obtained for PZS-2.0 under the same reaction conditions, in which HCCP took over the highest content in all the PZS frameworks. It is naturally speculated that the dangling P-Cl groups on the periphery of PZS-NPs are varied in number with addition of nonstoichiometric BPS in synthesis, and the unterminated HCCP moiety should take effect in catalytic reaction, which is in accordance with our previous work. 39 Furthermore, it is worth noting that the superiority of PZS-NPs was revealed by showing a better performance than HCCP and HCl ( Table 1 , entry 5 & 6, Fig. S6 †) aer we compared the catalytic activity of the polymers with that of HCCP and HCl based on the same chlorine content of PZS-2.0 (Table S1 †), while a sharp decrease of the yield of HMF was appeared when using BPS as catalyst (entry 7). To further elucidate their variation, we utilized the catalysts of PZS-2.0, HCCP and HCl to undergo the dehydration reaction at a lower reaction temperature of 60 C (Fig. S6 †) . It is evident that though parts of active catalytic sites have been buried inside the PZS-NPs, the catalytic performance of PZS-2.0 is more distinct than those of the homogeneous catalysts HCCP and HCl under different reaction temperatures.
In conclusion, this result implied that HCCP not only endow PZS-NPs with the prominent catalytic activity, but its activity meanwhile might be enhanced by the structure of polymer aer the polymerization. Apart from the exceptional catalytic ability of P-Cl groups in PZS-NPs, synergistic role of polymer backbones within PZS-NPs might exist in catalysis procedure, in particular when taking into account the difference in catalytic performance of HCCP and PZS-NPs. 42 Accordingly, based on HCCP monomer, PZAF-3.5 and PZODA-3.5, two kinds of derivatives of PZS-NPs with different electronic properties were used to investigate the cooperative impact of polymers. As a result, PZAF-3.5 showed a superior catalytic performance on dehydration of fructose with a HMF yield of 96.4% aer a reaction time of 0.5 h compared with that of PZS-3.5, while PZODA-3.5 possessed an inhibited activity under the same conditions ( Table 1 , entry 8 & 9) . Astoundingly, PZAF-3.5 had enabled the dehydration with a very high rate, leading to a HMF yield of 83.1% aer a short reaction time of only 5 min, which was much better than that of PZS-3.5 under the same conditions (Fig. 2) . In contrast, the HMF yield for PZODA-3.5 was only 9.9% aer 5 min and only reached to 82.2% aer 0.5 h, whose catalytic activity was slightly inferior to that of HCCP. This difference could be ascribed to the enhancement from -CF 3 groups of BPAF in the framework of PZAF-3.5 conferring a stronger electron-withdrawing capability as compared with the sulfone groups of BPS in PZS-3.5, which resulted in a more electron-positive phosphor centre and stronger interactions (i.e. hydrogen bonds) between PZAF and fructose/intermediates. On the other hand, the ether unit of ODA as well as the tertiary amine groups in the framework of PZODA-3.5 showed a weak electron-donating capacity, which is negative in activating the P-Cl sites against the efficient generation of HMF. Thus the catalytic sites stemming from P-Cl groups are accordingly activated by virtue of the electromigration capability of polymer backbone, which makes PZAF and PZS nanoparticles a potential alternative to homogeneous acid catalysts for the industrial applications.
As we know, the concentration of fructose in reaction system is of paramount signicance in the practical application. Herein, dehydration of fructose at high concentration was conducted ( Table 1 , entry [11] [12] [13] [14] [15] . When dehydration of 30 wt% fructose was catalysed by PZS-2.0, the HMF yield reached 85.9%, unequivocally higher than the reported best yield (approximately 76%). 3, 5 With decreases in feeding ratios of HCCP and BPS, the catalytic activity of resulting PZS-NPs was reduced as well, which same as the tendency was found at a low fructose concentration.
With these all in mind, a possible catalytic mechanism of PZS-NPs catalysed dehydration of fructose illustrated in Scheme 2 was proposed based on our previously reported results. 39 The O-triazine intermediate (A) was rstly formed on the surface of PZS-NPs, followed by the protonation step to form intermediate B, and then the formation of 2-hydroxymethyl-5hydroxylmethylene-tetrahydro-furan-3,4-diol. HMF was nally generated aer the loss of the two water molecules. During the process, the interactions between PZS-ZPs and fructose as well as intermediate products should provide an enhancement in each dehydration step.
Finally, reusability and recyclability of PZS-NPs were evaluated as well on PZS-2.0, and the experimental results were compiled in Table 2 . As expected, the selectivity of HMF was well kept aer 5 cycles, and the catalytic activity of PZS-2.0 was decreased merely from 93.6% to 86.2%. However, the reduced active P-Cl groups due to site covering or substituted Cl should be responsible for the lost activity.
In summary, a heterogeneous catalyst of polyphosphazene nanoparticles has been developed for highly efficient conversion of fructose to HMF. Under relatively mild conditions, HMF was produced with a 97.2% yield in 3 wt% fructose solution and a 85.9% yield in 30 wt% fructose solution at 90 C for 0.5 h, which is the rst example concerning polymeric nanoparticle catalysts used for fructose conversion. Moreover, it has been substantially veried that the as-prepared polyphosphazene nanoparticle catalyst possesses the following outstanding properties: (1) unique electron-withdrawing polymer backbone activating the P-Cl catalytic sites for a much higher catalytic activity; (2) high selectivity, recyclability and stability; (3) being environmentally friendly without the utilizing strong proton acid and any metal. Therefore, we believe this strategy with the concept of structure-enhanced catalytic performance opens a new pathway for developing highly active, green and degradable heterogeneous catalysts, and efficient chemical technologies for dehydration of fructose to HMF and other biomass conversion as well. 
